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As photosynthetic organisms, plants need to prevent irreversible UV-
induced DNA lesions. Through an unbiased, genome-wide approach,
we have uncovered a previously unrecognized interplay between
Global Genome Repair and small interfering RNAs (siRNAs) in the
recognition of DNA photoproducts, prevalently in intergenic regions.
Genetic and biochemical approaches indicate that, upon UV irradia-
tion, the DNA DAMAGE-BINDING PROTEIN 2 (DDB2) and ARGONAUTE
1 (AGO1) of Arabidopsis thaliana form a chromatin-bound complex
together with 21-nt siRNAs, which likely facilitates recognition of
DNA damages in an RNA/DNA complementary strand-specific man-
ner. The biogenesis of photoproduct-associated siRNAs involves the
noncanonical, concerted action of RNA POLYMERASE IV, RNA-
DEPENDENT RNA POLYMERASE-2, and DICER-LIKE-4. Furthermore,
the chromatin association/dissociation of the DDB2-AGO1 complex
is under the control of siRNA abundance and DNA damage signaling.
These findings reveal unexpected nuclear functions for DCL4 and
AGO1, and shed light on the interplay between small RNAs and
DNA repair recognition factors at damaged sites.
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Ultraviolets (UVs), as sunlight components, produce DNAdamage potentially detrimental to cell/genome integrity. The
major forms of UV-induced DNA lesions are cyclobutane pyrimi-
dines dimers (CPDs) and (6-4)-photoproducts (6-4 PP) (1), which
promote DNA helix distortion altering replication and transcrip-
tion. Being photosynthetic and sessile, plants need to prevent UV-
induced irreversible DNA damage at their growing points, poten-
tially also transmissible to their progeny. UV-induced DNA lesions
are preferentially repaired by direct repair (DR), via photolyases,
converting CPDs and 6-4 PP to monomers using UV-A/blue light
(2). Nucleotide excision repair (NER) also promotes repair of UV-
induced lesions in a light-independent manner via two subpathways,
global genome repair (GGR) and transcription-coupled repair
(TCR), processing bulky DNA lesions throughout the genome or
along actively transcribed DNA strands, respectively (3). By binding
both photolesions and “compound” lesions, DNA DAMAGE-
BINDING PROTEIN 2 (DDB2) is a key factor for damage rec-
ognition during GGR (4) and, accordingly, human DDB2 (XPE:
XERODERMA PIGMENTOSUM complementation group E)
mutations cause sunlight hypersensitivity and skin cancer pre-
disposition (5).
Maintenance of genome integrity is also a major function of RNA
silencing, a pan-eukaryotic process enabling sequence-specific gene
expression control, with crucial roles in defense against transposable
elements (TEs) and viruses, as well as developmental patterning/
growth. Plant RNA silencing operates at the RNA level via mRNA
cleavage or translational repression [post-transcriptional gene silenc-
ing (PTGS)], whereas RNA silencing at the DNA level involves
DNA/histone methylation and heterochromatin formation often
leading to transcriptional gene silencing (TGS) (6). Plant RNA si-
lencing is invariably triggered by double-stranded RNA (dsRNA)
processed into 21- to 24-nt small RNA (sRNA) duplexes by III-like
DICER enzymes, of which Arabidopsis encodes four DICER-LIKE
(DCL) paralogs with specialized sRNA products and biological
functions (6). DCL1 produces mainly micro (mi)RNAs from non-
coding, imperfect stem-loop RNAs, whereas populations of 21-, 22-,
and 24-nt small-interfering (si)RNAs are synthesized from long,
perfectly/near-perfectly base-paired dsRNA via DCL4, DCL2, and
DCL3 activity, respectively. The miRNAs loaded into mostly
ARGONAUTE 1 (AGO1) guide PTGS of complementary mRNAs
(7, 8), whereas DCL3-dependent 24-nt siRNAs act in cis upon
loading into mostly AGO4, to mediate RNA-directed DNA meth-
ylation (RdDM) and chromatin compaction at TE-enriched and
DNA repeat-enriched loci (9). The concerted action of the plant-
specific RNA POLYMERASE (POL) IV and RNA-DEPENDENT
RNA POLYMERASE 2 (RDR2) provides dsRNA substrates to
DCL3 for synthesis of nearly all 24-nt siRNAs (10), whereas the
POL IV-related RNA POL V targets de novo cytosine methylation
via specific DNA methyltransferases (11–14). Alternative RdDM
mechanisms also rely on RNA POL II, RDR6, and 21- or 24-nt
siRNAs (15–18).
Little is known about the possible interconnection between
RNA silencing and DNA repair pathways. DNA damage alters
expression of specific miRNAs (19, 20) whose targets encode
proteins involved in cell cycle checkpoint, DNA repair, and signal
transduction. Upon double-strand breaks (DSBs) induction, miRNA-
unrelated 21-nt sRNAs coined “diRNAs” are also produced from
damaged sites’ flanking regions and recruited by AGO2 to enable
DSB repair in Arabidopsis and human cells (21). In mouse, Dro-
sophila, and zebra fish, the sRNA-processing enzymes DICER and
DROSHA activate the DNA damage response upon exposure to
genotoxic stress (22, 23). Although these studies strongly suggest
interconnections between RNA silencing and DNA repair, they
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have relied exclusively on studies of transgenic reporter loci (21,
22) or linearized plasmids (23) uninformative about the natural
mechanisms of sRNA-mediated repair at a genome-wide scale,
and whose artificial nature might have influenced the processes
involved. Indeed, recent findings show that, in Drosophila, DSB-
derived siRNAs may have roles in RNA quality control rather
than in DNA repair per se (24).
Combining genome-wide mapping of CPDs, total sRNAs se-
quencing, genetics, and biochemistry, we document, here, a pre-
viously unknown role for sRNAs in GGR by showing how
AGO1 forms a chromatin-bound complex with the GGR factor
DDB2 to initiate repair predominantly at intergenic UV-damaged
loci. Abundance of RNA POL IV-, RDR2-, and DCL4-dependent
21-nt siRNAs is enhanced at these UV-damaged loci, and they are
loaded onto the DDB2-AGO1 complex, which, we propose, they
guide in a sequence-specific RNA/DNA complementary strand
manner to facilitate DNA damage recognition.
Results
Deficiency in RNA Silencing Pathways Leads to UV Hypersensitivity.
To assess the influence of sRNAs on DNA repair efficiency, the
UV-C sensitivity of RdDM- and PTGS-defective Arabidopsis was
measured by the root growth inhibition assay (25, 26); these
assays were conducted in nrpd1, rdr2, dcl3, and ago4 plants im-
paired in RdDM, and in rdr6, dcl4, ago1, and ago2 plants im-
paired in PTGS, respectively. Root growth was significantly
reduced in irradiated rdr6, dcl4, nrpd1, rdr2, ago2, and ago4
plants compared with WT plants, unlike in DCL3- and AGO1-
deficient plants (Fig. 1 A and B, Upper). We were cautious in
interpreting the apparent UV-C insensitivity of ago1-27, which,
unlike the other mutations tested, is hypomorphic (27). More-
over, AGO1 is the prevalent effector of miRNAs controlling,
notably, root development, which, when perturbed, might con-
found light-dependent DNA repair deficiency. UV-C sensitivity
assayed upon a dark recovery period indeed showed that ago1-27
is significantly more sensitive to UV-C than WT plants (Fig. 1C),
suggesting that AGO1 deficiency causes a more specific impair-
ment in the dark repair of UV-induced DNA lesions. Comple-
mentary to the root growth inhibition assay (25, 26), the CPD
removal assay was conducted under normal light conditions. It also
showed that all RdDM and PTGS mutants tested, including ago1-
27 but still excluding dcl3, exhibit significantly reduced/delayed
CPD removal capacities (Fig. 1 A and B, Lower). Therefore, of the
PTGS and RdDM mutants tested, all but dcl3 are defective in re-
pair of UV-induced DNA lesions, suggesting that sRNAs partici-
pate in this process.
PTGS and RdDM Factors Act in the GGR Pathway. To assess which
UV-induced DNA lesion repair pathway cooperated with PTGS
and RdDM, we conducted genetic interaction studies. Plants de-
fective in PHOTOLYASE I (PHRI, phrI), acting in the DR pathway,
COCKAYNE SYNDROME complementation group A (CSA, csa-a1),
acting in the TCR pathway, or DDB2 (ddb2-2), acting in the GGR
pathway, were crossed to RdDM mutants (collectively referred to
here as rddm: nrpd1, rdr2, dcl3, ago4) and PTGS mutants (collec-
tively referred to here as ptgs: rdr6, dcl4, ago1, ago2). Double-
homozygous mutants were characterized for UV-C sensitivity using
leaf growth and photobleaching as the readout for DR (26), or root
growth inhibition as the readout for TCR and GGR (25). None of
the ddb2-rddm double mutants exhibited significant additive effects
on root growth inhibition compared with the respective single mu-
tants (Fig. 1D), and this was also observed for all ddb2-ptgs double
mutants (Fig. 1 C and E), except for ddb2-rdr6 and ddb2-ago2 (Fig.
1E). Epistasis thus strongly suggests that most RdDM and PTGS
factors tested, RDR6 and AGO2 excepted, act in the GGR path-
way; phrI ago1 and phrI ago4 double mutants, by contrast, exhibited
increased UV sensitivity compared with the corresponding single
mutants (Fig. S1 A and B); double mutants with a csa background
showed a similar additive/synergistic phenotype (Fig. S1C), sug-
gesting, therefore, that most RdDM and PTGS factors tested
act in pathways distinct from DR and TCR. These results thus
consolidate the idea that RNA silencing contributes to GGR
during UV-induced DNA damage repair.
Fig. 1. UV sensitivity of RdDM and PTGS loss of function Arabidopsis plants.
(A) (Top) Root growth assay. Seven-day-old WT, RdDM mutant plants (nrpd1,
rdr2, dcl3, and ago4) were exposed to UV-C. Root growth was calculated rel-
ative to the corresponding untreated plants (±SD). Eight plants per replicate
were used, and three independent biological replicates were performed;
ddb2-3 was used as control as DNA repair deficient plants. (Bottom) CPDs re-
moval assay. Histogram represents the amounts of CPDs 1 h after UV-C
treatment (± SD). Intensity of each dot was quantified and normalized to
that of CPDs at time 0 to calculate the remaining CPDs content after 1 h.
Twenty plants per replicate were used, and experiments were duplicated;
ddb2-3 was used as control as DNA repair deficient plants; t test *P < 0.01;
**P < 0.05; ns, nonsignificant. (B) Same as A for PTGS-deficient plants (rdr6,
dcl4, ago1, and ago2). (C) Genetic interactions between ddb2 and ago1.
Seven-day-old single (ago1 and ddb2) and double (ddb2-ago1) mutant plants
were exposed to UV-C and grown for 24 h either under light or in the dark.
Because ddb2-2 is in the No ecotype, the control for double mutant plants is
No/Col. Eight plants per replicate were used, and three independent biological
replicates were performed; t test *P < 0.01; ns, nonsignificant compared with
the corresponding single mutants for double mutant. (D) Genetic interactions
between GGR and RdDM (nrpd1, rdr2, dcl3, ago4, and ddb2) and double
mutant plants (ddb2-nrpd1, ddb2-rdr2, ddb2-dcl3, and ddb2-ago4). Because
ddb2-2 is in the No ecotype, the control for double mutant plants is No/Col;
t test *P < 0.01; **P < 0.05 compared with the corresponding WT plants. Eight
plants per replicate were used, and three independent biological replicates
were performed; ns, nonsignificant compared with the corresponding single
mutants for double mutant. (E) Same as D for GGR and PTGS. Seven-day-old
single WT (rdr6, dcl4, ago1, ago2, and ddb2) and double mutant plants (ddb2-
rdr6, ddb2-dcl4, ddb2-ago1, and ddb2-ago2) were exposed to UV-C. Eight
plants per replicate were used, and three independent biological replicates
were performed; t test *P < 0.01; ns, nonsignificant compared with the cor-
responding single mutants for double mutants.
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Genome-Wide Mapping of CPDs Identifies Hot Spots of UV-Induced
DNA Damage.Given the impairments of RdDM- and PTGS-deficient
plants in repair of UV-induced DNA lesions, and their epistatic in-
teraction with GGR pathway mutants, endogenous sRNAs were
likely to play some role in DNA repair. To comprehensibly address
this issue at a genome-wide level, we developed a large-scale genomic
approach to map the UV-C-induced DNA photolesions via immu-
noprecipitation (IP) coupled to DNA sequencing, referred to as
Immunoprecipitation of UV-induced DNA (IPOUD) lesions (Fig.
2A). The DNA of untreated and UV-C-treated plants was immu-
noprecipitated with a monoclonal antibody raised against CPDs at
time points chosen according to the repair kinetics under our ex-
perimental conditions (Fig. S2A) and was subsequently processed for
deep sequencing. Unique sequences were mapped onto the refer-
ence, nuclear Arabidopsis genome, and CPD-enriched sequences
(IP vs. input) were determined (see Materials and Methods for
details). For statistical analysis, two biological replicates of un-
treated plants and four biological replicates of UV-C-treated
plants were subjected to IPOUD (Fig. 2A).
Using stringent statistical parameters (P < 10−6 and q < 10−2),
the multiple IPOUD experiments allowed recovery of >2,000 high-
confidence CPD-enriched sequences (228 up to 677 loci per sample
analyzed) distributed genome-wide (Fig. 2B). The average length of
these CPD-enriched regions ranges from 130 bp to 187 bp for all
samples analyzed (Table S1). Untreated plants also exhibited CPD-
damaged loci (Fig. 2B), which was expected because Arabidopsis
growth and development require the full spectrum of sunlight
containing a proportion of UV-B as possible source of CPDs. CPD
content was confirmed by dot blot analyses conducted under our
growth conditions (Materials and Methods), revealing that a basal
CPD level in untreated plants was increased upon UV-C exposure
(Fig. S2A). Accordingly, untreated and treated samples clustered
separately in correlation analyses (Fig. S2B). Detailed CPD analysis
among samples showed that UV-C treatment induces damages at
mostly random genomic positions (Fig. 2B) despite slight variations
between samples (Fig. 2C). Interestingly, 23 loci were CPD-
enriched (i.e., statistically higher than expected by chance accord-
ing to Poisson Distribution) in common in at least three out of six
independent IPOUD experiments, suggesting that these loci are
generally more prone to UV damage and/or display reduced DNA
repair abilities (Dataset S1). Using an additional set of independent
biological replicates (two untreated and three UV-C-treated
batches) further confirmed that IPOUD allows identification of
CPD-containing loci and that several loci reproducibly exhibit a
higher chance to contain CPDs (Fig. 2D and Fig. S2C). Interest-
ingly, among these 23 loci, 60% were located in intergenic regions
(Fig. 2E and Fig. S2D) and are referred to, hereinafter, as “hot
spots” of UV-induced DNA damage, which, we anticipated, could
be possibly used as endogenous reporter loci to decipher the pos-
sible connections between RNA silencing and GGR.
sRNAs and CPDs. To determine the potential overlap between
sRNA populations and CPDs, we deep-sequenced the 15- to
45-nt fraction of total RNA extracted from the same tissues as
those used for IPOUD (Fig. 2A). Genomic mapping of sRNA at
the CPD-enriched regions (seeMaterials and Methods for details)
showed that ∼30% of the CPD-containing loci and ∼80% of the
hot spots overlapped with 21-, 22-, and 24-nt siRNAs. The dis-
tribution of the genomic origins of siRNA-associated CPD-
enriched loci and of the 21-, 22-, and 24-nt siRNAs varied only
slightly between untreated and treated samples (Fig. 2F and Fig.
S2E). The 21-, 22-, and 24-nt siRNAs predominantly overlapped
with damaged DNA of TE-enriched and intergenic regions (Fig.
S2F). This high proportion (>40% in our experiments vs. 10% in
the untreated Arabidopsis genome) of intergenic regions over-
lapping with 21-nt siRNAs suggested their possible role in DNA
repair (Fig. 2F), especially because GGR predominantly repairs
untranscribed/poorly transcribed DNA such as that of intergenic
regions (3). Accordingly, 21-nt siRNA levels overlapping with
damaged intergenic regions increased in UV-C-treated, com-
pared with untreated, plants (Fig. 2G). By contrast, 22-nt siRNA
levels remained unchanged, and 24-nt siRNA levels decreased
(Fig. 2G). In TE-enriched regions, 22-nt siRNA levels increased
upon UV-C irradiation, whereas 21- and 24-nt siRNA levels
remained unchanged (Fig. S2G). In genic-enriched regions, only
Fig. 2. CPD mapping and overlap with canonical, 21-, 22-, and 24-nt siRNAs.
(A) Design of the experiment. Three-week-old plants (n = 12/replicate), grown
in soil, were used in two independent biological replicates for untreated plants
and four independent biological replicates for UV-C-treated plants. The sRNA
and DNA were prepared from the pool of tissue for each replicate and sub-
sequently used for sRNA sequencing and IPOUD + DNA sequencing. CPDs are
displayed in yellow triangles. (B) Visualization of genome-wide CPDs distribu-
tion (black bar) on Arabidopsis chromosomes using Circos representation. The
outermost circle displays the five Arabidopsis chromosomes. The inner circles
represent the genome-wide CPDs distribution for each replicate of untreated
and UV-C-treated samples (rainbow colors). The inner circle represents the
siRNAs (21, 22, and 24 nt) overlapping CPD-damaged loci. The height of the
histogram bins indicates siRNA abundance. (C) Histogram representing the or-
igins (intergenic, TE, and protein-coding genes) of CPD-containing loci for each
replicate of untreated (no UV-C) and UV-C-treated samples. The Arabidopsis
thaliana genome (At) was used as a reference. Chi2 test: *P < 0.05. (D) In-
dependent confirmation of hot spots using IPOUD-qPCR. Histogram (±SD)
representing the enrichment of CPDs (IP/input) at hot spots overlapping with
intergenic regions, protein-coding genes, and other types of regions excluding
TEs (Others). Two biological replicates of untreated and three biological repli-
cates of UV-C-treated in vitro-grown plants were used. Numbers indicate the
hot spot sequence name. Actin 2 was used as negative control. (E) Pie chart
representing the origins of hot spots of CPDs containing loci. (F) Histogram
representing the origins of CPD containing loci mapping with 21-, 22-, and 24-nt
siRNAs for each replicate of untreated (no UV-C) and UV-C-treated samples.
Chi2 test: *P < 0.05 compared with untreated samples. (G) Box plots repre-
senting the abundance of 21-, 22-, and 24-nt siRNAs mapping to intergenic
regions enriched in CPDs. Mann−Whitney U test *P < 0.05, ns, nonsignificant.
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24-nt siRNA levels increased upon UV-C irradiation (Fig. S2G).
Importantly, basal 21-, 22-, and 24-nt siRNAs levels were de-
tectable in all these CPD-enriched regions before UV-C irradi-
ation, suggesting that the treatment induces de novo siRNA
biogenesis and/or stabilizes preexisting precursors or mature
siRNAs (Fig. 2G and Fig. S2G), which we refer to as “uviRNAs,”
for UV-Induced siRNAs, hereinafter. The results of these
genome-wide analyses are thus consistent with the genetic in-
teractions between GGR and RNA silencing (Fig. 1), leading us
to speculate that uviRNAs may facilitate GGR, particularly in
intergenic regions.
The 21-nt uviRNAs Overlap with Intergenic Loci Enriched in Di-
Pyrimidines. Given the high proportion of intergenic regions
overlapping with uviRNAs (Fig. 2 F and G) and that UVs target
di-pyrimidines (TT, CC, TC, and CT) to form CPDs, we calcu-
lated the di-pyrimidines frequencies of intergenic damaged re-
gions, in a DNA strand-specific manner. CT and TC frequencies
were statistically higher at siRNA-containing damaged loci com-
pared with the whole set of Arabidopsis intergenic regions over-
lapping with siRNAs, and this was more pronounced for the minus
DNA strand (Fig. 3A). We also identified a positive correlation
between CT and TC frequencies for both DNA strands (Fig. S3A).
By contrast, no significant correlation was found for CC and TT
di-pyrimidines (Fig. S3A). For TEs and genic regions, no signifi-
cant correlations between any specific siRNA species, photo-
damages, and di-pyrimidines frequencies were found.
Next, we measured the levels of sense and antisense uviRNAs
overlapping these particular intergenic regions in treated vs.
untreated plants. Sense 21-nt uviRNA levels, unlike those of
antisense species, were statistically higher in UV-treated, com-
pared with untreated, plants (Fig. 3B), consistent with the high
CT and TC frequencies on the minus DNA strand of damaged
intergenic loci. No significant difference was observed for the 22-
and 24-nt siRNA species (Fig. S3 B and C). Strikingly, all size
classes of sense uviRNAs matching intergenic, damaged loci
were strongly enriched in A and G (Fig. 3C and Fig. S3 B and C)
as expected from complementary to all di-pyrimidine forms (TT,
CC, TC and CT), and supporting the observed minus DNA
strand bias. The ribonucleotide sequences of 21-, 22-, and 24-nt
uviRNAs were also strikingly similar, suggesting their common
origins from the same set of dsRNA precursors (Fig. 3C and Fig.
S3 B and C, Right). Together, these results suggest that 21-nt
uviRNAs may contribute to UV-induced DNA repair at inter-
genic loci, possibly in a cDNA strand-specific manner.
The 21-nt uviRNA Biogenesis Requires the Action of POL IV, RDR2, and
DCL4. To identify which factors enable intergenic 21-nt uviRNA
biogenesis, we first analyzed sRNA sequencing libraries from
nrpd1 mutants treated in our experiments with or without UV-C
(as in Fig. 2A). In a complementary analysis, we used publicly
available libraries for untreated WT, rdr2, dcl2/4, dcl3/4, dcl2/3,
or dcl2/3/4 mutant plants (28) to determine the genetic re-
quirements for basal intergenic 21-nt uviRNA biogenesis. The
basal albeit measurable 21-nt uviRNA levels found at intergenic
loci under normal growth were dramatically decreased in nrpd1
loss-of-function plants (Fig. 4A), as were those of the 22- and
24-nt species (Fig. S4 A and B), underscoring, again, that these
siRNAs likely originate from the same precursors. Basal 21-nt
uviRNA levels also decreased in rdr2, dcl2/4, dcl3/4, or dcl2/3/4,
but not in dcl2/3 mutants (Fig. 4B); the 22- and 24-nt species
were, again, similarly affected (Fig. S4 A and B). Collectively,
these results suggest that intergenic 21-nt uviRNA basal pro-
duction occurs via a noncanonical RNA POL IV-, RDR2-, and
DCL4-dependent RNA silencing pathway.
To further ascertain the above results, UV-C sensitivities of
single (nrpd1, rdr2, rdr6, dcl3, and dcl4) and double mutants
(nrpd1-dcl4, nrpd1-rdr6, rdr2-dcl4, and rdr6-dcl3) were monitored
via root growth inhibition assays. Although nrpd1, rdr2, and dcl4
exhibited epistatic genetic interactions (Fig. 4C), nrpd1, rdr6, and
dcl3 displayed enhanced UV sensitivity, suggesting that NRPD1,
RDR6, and DCL3 act in parallel pathways (Fig. 4C). Consistent
with these observations, the double dcl3/4 and triple dcl2/3/4
mutants also had increased UV sensitivity in contrast to dcl2/3
and dcl2/4 double mutants, compared with corresponding single
mutants (Fig. 4D). These data support the idea that 21-nt
uviRNA biogenesis entails the noncanonical, concerted action of
RNA POL IV, RDR2, and DCL4.
POL IV-dependent 26- to 40-nt RNAs serve as RDR2 templates
to produce the dsRNA precursors of 24-nt siRNAs in the RdDM
pathway [referred as P4R2 precursors (28, 29)]. We thus tested if
such precursors were enriched upon UV exposure. Analyses of our
deep-sequencing libraries showed that accumulation of 26- to-30-nt
RNAs overlapping with 21-nt uviRNA-enriched loci strongly in-
creased in UV-treated WT plants and, conversely, dramatically
decreased in nrpd1 mutants (Fig. 4E and Fig. S4 C and D). A re-
fined analysis showed that the levels of RNA POL IV-dependent
26- and 27-nt RNAs were specifically increased upon UV irradia-
tion (Fig. 4 F and G). The 5′-terminal nucleotide of 26- and 27-nt
RNAs was statistically more frequently an A or a G, a described
feature of P4R2 precursors (28, 29) (Fig. 4G). These data suggest
that RNA POL IV-dependent transcripts produced at intergenic
regions are converted into dsRNA and 21-nt uviRNAs by RDR2
and DCL4, respectively, possibly to facilitate GGR-mediated repair
of UV-induced DNA lesions in intergenic regions.
GGR Factor DDB2 Forms a Complex with AGO1. AGO1 is the major
effector protein of endogenous 21-nt si/miRNAs in Arabidopsis.
Because DDB2 is a key recognition factor of UV-induced DNA
lesions during GGR, we thus tested if DDB2 could associate with
AGOs and, more specifically, AGO1, using transgenic ddb2-3 mu-
tant plants expressing a functional DDB2-FLAG version (Fig. S5A).
DDB2-FLAG effectively coimmunoprecipitated with endogenous
AGO1 in plant whole-cell extracts prepared before and after UV-C
exposure (Fig. 5A). By contrast, a FLAG-tagged, DNA-binding-
deficient point-mutant allele of DDB2 (DDB2K314E-FLAG) (30,
31), which failed to rescue the ddb2-3 UV hypersensitivity (Fig.
S5A), coimmunoprecipitated with AGO1 significantly less than the
Fig. 3. Di-pyrimidines, CPDs, and siRNAs strand specificity. (A) Box plots
representing the di-pyrimidines frequencies (CC, TT, TC, and CT) for each
DNA strand (+ and – strand) in Arabidopsis intergenic regions (At) and in
CPD-damaged intergenic regions (Inter) identified in IPOUD experiments.
Mann−Whitney U test *P < 0.05; ns, nonsignificant. (B) Box plots repre-
senting the abundance of sense and antisense 21-nt uviRNAs at CPD-
damaged intergenic regions. *P < 0.05 calculated according to Wilcoxon
matched-pairs signed rank test; ns, nonsignificant. (C) Graphical representation
of consensus ribonucleotide sequences of sense (RNA+) and antisense (RNA-)
21-nt uviRNAs mapping at intergenic CPD-damaged regions.
E2968 | www.pnas.org/cgi/doi/10.1073/pnas.1618834114 Schalk et al.
WT DDB2-FLAG allele (Fig. S5B). Therefore, DDB2-FLAG
likely assembles with AGO1 into a protein complex whose for-
mation/stability requires DNA binding mediated by DDB2. Given
the RNA POL IV and DCL4 dependency of 21-nt uviRNAs
biogenesis, we tested if the corresponding loss-of-function mutants
altered formation/stability of the DDB2-AGO1 complex. Indeed,
AGO1-DDB2-FLAG coimmunoprecipitation was, respectively,
strongly and moderately reduced in nrpd1 and dcl4 mutants (Fig.
5A); it was also strongly impaired compared with WT plants in
mutants deficient for the ataxia telangiectasia and Rad3-related
protein (ATR) kinase, which plays a crucial role in transmitting
DNA damage signals to downstream repair factors (Fig. S5C). We
conclude that formation/stability of a DDB2-FLAG-AGO1 com-
plex strongly relies on DDB2-mediated DNA binding, RNA POL
IV transcription, ATR-mediated signaling of DNA damage, and,
to a lesser extent, DCL4 activity.
DDB2 and AGO1 Exhibit Similar Nuclear Accumulation and Chromatin
Recruitment Dynamics upon UV Exposure. Because DDB2 senses
photolesions on chromatin, a fraction of AGO1 was expected to
accumulate in the nucleus upon UV-C treatment, as recently
reported upon salt stress (32). Immunoblot analyses conducted
over a 30-min time course showed that, upon UV-C irradiation,
both DDB2 and AGO1 were indeed progressively enriched in
chromatin extracts, reaching a peak at 15 min and decreasing
subsequently at 30 min posttreatment (Fig. 5B). In addition to
signaling DNA damage, ATR also negatively regulates DDB2
(26). Interestingly, DDB2 and AGO1 releases from chromatin
were delayed in UV-C-irradiated atr loss-of-function, but not in
WT, plants (Fig. S5D); by contrast, increased AGO1 association
was abolished in ddb2 mutants (Fig. S5E). Finally, AGO1 was
coimmunoprecipitated with DDB2-FLAG in the insoluble
chromatin fraction 5 and 15 min after UV-C exposure, upon
which AGO1 was at or below detection limit in the IP (Fig. S5F).
Collectively, these results suggest that, upon UV-C exposure, the
interacting DDB2 and AGO1 follow similar nuclear dynamics
controlled by related mechanisms/factors.
Fig. 4. Intergenic 21-nt uviRNAs biogenesis. (A) Box plots representing the
abundance of 21-nt uviRNAs at intergenic CPD-damaged regions in WT
plants and in RNA POL IV-deficient plants (nrpd1) ± UV-C. *P < 0.01 calcu-
lated according to Wilcoxon matched-pairs signed rank test. (B) Box plots
representing the abundance of 21-nt uviRNAs at intergenic CPD-damaged
regions in WT plants (Col) and in rdr2, dcl2/4, dcl3/4, dcl2/3, and dcl2/3/4
plants. *P < 0.01 calculated according to Wilcoxon matched-pairs signed
rank test; ns, nonsignificant. (C) Genetic interactions between RdDM and
PTGS loss of function. Seven-day-old WT, single (ndpr1, rdr2, rdr6, dcl3,
and dcl4) and double mutant plants (ndpr1-rdr6, ndpr1-dcl4, rdr2-dcl4, and
rdr6-dcl3) were exposed to UV-C; t test *P < 0.01; **P < 0.05; ns, non-
significant. (D) Genetic interactions between DCLs loss of function. Seven-
day-old WT, single (dcl2, dcl3, and dcl4), double (dcl2/3, dcl2/4, and dcl3/4),
and triple mutant plants (dcl2/3/4) were exposed to UV-C; t test *P < 0.01; ns,
nonsignificant. (E) Box plots representing the abundance of 26- to 30-nt
RNAs at intergenic CPD-damaged regions in WT plants and in RNA POL IV-
deficient plants (nrpd1) ± UV-C. *P < 0.01 calculated according to Wilcoxon
matched-pairs signed rank test. (F) Same as E for 26-nt RNAs. Shown is
graphical representation of consensus ribonucleotide sequences of 26-nt
RNAs mapping at intergenic CPD-damaged regions. *P = 0.0164 calculated
according to Wilcoxon matched-pairs signed rank test. (G) Same as F for 27-nt
RNAs **P < 0.01.
Fig. 5. DDB2 AGO1 homeostasis and DDB2−AGO1 complex. (A) In vivo pull-
down of AGO1 with DDB2-FLAG protein upon UV-C exposure; ddb2-2/DDB2-
FLAG, nrpd1 ddb2-2/DDB2-FLAG, and dcl4 ddb2-2/DDB2-FLAG expressing
plants were used for IP assays using anti-FLAG antibody. WT (No) plants were
used as negative control. Coomassie blue staining of the blot is shown.
(B) Immunoblot analysis of DDB2 and AGO1 protein contents upon UV-C ex-
posure in chromatin (pellet), supernatant, and total extracts from WT plants.
Anti-histone H3 and anti-UGPase antibodies were used as controls for in-
soluble (Pellet; chromatin) and soluble fractions (Supernatant), respectively.
Signal intensity relative to H3 or Coomassie is indicated below each lane.
Coomassie blue staining of the blot is shown. (C) ChIP of (Left) DDB2-FLAG and
(Right) AGO1, upon UV-C exposure, at four hot spots in ddb2-3/DDB2-FLAG
expressing plants using anti-FLAG and anti-AGO1 antibodies, respectively. As
negative control for DDB2 ChIP, WT (Col) plants were used with anti-FLAG
antibody as well as actin2 region. As negative control for AGO1 ChIP, WT
(Col) plants were used with protein A magnetic beads as well as actin2 re-
gion. Data are presented as enrichment (±SD) of the IP signal and are rep-
resentative of three independent biological replicates; t test *P < 0.01; ns,
nonsignificant compared with time point 0. (D) Tandem ChIP (Tandem-ChIP)
of DDB2-FLAG and AGO1, upon UV-C exposure, at three hot spots in ddb2-3/
DDB2-FLAG expressing plants using anti-FLAG antibody followed by anti-
AGO1 antibody. As negative control for ChIP, WT (Col) plants were used as
well as actin2 region. Data are presented as enrichment (±SD) of the IP signal
and are representative of two independent biological replicates; t test *P <
0.01 compared with time point 0. (E) ChIP of DDB2-FLAG upon UV-C expo-
sure, at three hot spots in ddb2-3 DDB2-FLAG, nrdp1 DDB2-FLAG, and dcl4
DDB2-FLAG expressing plants using anti-FLAG antibody. As negative control
for DDB2 ChIP, WT (Col) plants were used with anti-FLAG antibody as well as
actin2 region. Data are presented as enrichment (±SD) of the IP signal and
are representative of three independent biological replicates; t test *P <
0.01; **P < 0.05; ns, nonsignificant compared with time point 0. (F) ChIP of
AGO1, upon UV-C exposure, at three hot spots in WT, dcl4, and nrpd1 plants
using anti-AGO1 antibody. As negative control for AGO1 ChIP, WT (Col)
plants were used with protein A magnetic beads as well as actin2 region.
Data are presented as enrichment (±SD) of the IP signal and are represen-
tative of three independent biological replicates; t test *P < 0.01; ns, non-
significant compared with time point 0.
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The comparable nuclear dynamics of DDB2 and AGO1 might
entail the rapid loading of both proteins onto chromatin upon
UV irradiation and their subsequent release. ChIP quantitative
PCR (qPCR) indeed showed enrichment of both DDB2-FLAG
and AGO1 at various uviRNA hot spots 15 min after UV-C
exposure, followed by a release of both proteins at 30 min
(Fig. 5C). Moreover, tandem ChIP qPCR confirmed that DDB2-
FLAG and AGO1 are coenriched at damaged sites 15 min
after UV-C treatment, and released 30 min postirradiation (Fig.
5D and Fig. S5G). Consistent with the compromised DDB2-
AGO1 complex formation/stability in nrpd1 mutants, ChIP
analyses showed that, before UV irradiation, the DDB2-FLAG
chromatin association was higher in POL IV-deficient plants
compared with ddb2-3 plants complemented with DDB2-FLAG
(Fig. 5E), suggesting the constitutive association of DDB2 with
chromatin. In addition, release of DDB2-FLAG was no longer
stimulated after UV-C exposure in nrpd1 mutants (Fig. 5E).
Conversely, DDB2-FLAG remained efficiently chromatin-
associated at damaged sites in dcl4 mutant plants 15 min post-
irradiation, and its release remained effective at 30 min (Fig.
5E). AGO1 chromatin association at damaged sites was, re-
spectively, moderately compromised and unaffected in nrdp1 and
dcl4 mutants 15 min postirradiation. AGO1 chromatin release
was, by contrast, strongly compromised in both mutants 30 min
postirradiation (Fig. 5F). Thus, DDB2 and AGO1 chromatin
association/release depend on their ability to efficiently form a
complex together and rely, as shown in Fig. 5 E and F, on siRNA
abundance/biogenesis. However, it cannot be excluded that other
factors are likely additionally involved. Nonetheless, the results
collectively suggest that DDB2 and AGO1 assemble into a nu-
clear protein complex whose stability and chromatin dynamics
rely on siRNA abundance and signaling of DNA damage.
The DDB2-AGO1 Complex Assembles with 21-nt uviRNAs. To test if
DDB2 could be part of AGO1-uviRNAs complexes, DDB2-FLAG
and AGO1 IPs followed by sRNA-seq [RNA immunoprecipitation
(RIP)] were performed to determine the siRNA population asso-
ciated with the complex before, and 15 min after, UV-C exposure.
RIP experiments allowed the assembly of large libraries of DDB2-
and AGO1-associated 21-nt siRNAs (enriched in IP/input; Fig. S6
A and B) mapping to intergenic regions covering the whole genome.
These results agree (i) with the random damaging effect of UV-C
and the putative role of 21-nt siRNAs in GGR, (ii) with the pref-
erential loading of 21-nt siRNAs into AGO1, and (iii) with the
characterization of a DDB2-AGO1 chromatin-associated complex.
Moreover, ∼50% of DDB2-associated 21-nt siRNAs were also
found associated with AGO1, further supporting the existence of
this complex (Fig. S6B).
To further characterize the AGO1/DDB2-asssociated 21-nt
uviRNAs at damaged sites, we performed DNA/RNA strand-
specific mapping at six of the aforementioned (Fig. S6C), dam-
aged intergenic hot spots, two examples of which are depicted in
Fig. 6A. RIP data analysis showed that AGO1-associated 21-nt
uviRNAs mapped to both DNA strands, consistent with AGO1
loading with a broad population of sense and antisense guide
strands (Fig. 6A). By contrast, analysis of the DDB2 RIP data
revealed that the DDB2-associated 21-nt uviRNAs mapped pre-
dominantly to the minus DNA strand (Fig. 6A). Moreover, DNA
minus strands were generally more enriched in di-pyrimidines at the
investigated damaged hot spots (Fig. 6A). Principal Component
Analysis (PCA) including the six confirmed hot spots, containing
CPDs, highlighted that a higher frequency of di-pyrimidines on the
minus DNA strand correlates positively with an enhanced abun-
dance of DDB2-associated 21-nt sense uviRNAs (Fig. 6B, Left,
green rectangle) and that, conversely, a lower di-pyrimidines fre-
quency correlates with a near absence of DDB2-associated 21-nt
uviRNAs (Fig. 6B, Left, pink rectangle). This analysis indicates that
CC and TT frequencies also influence strand-specific DDB2-
associated 21-nt uviRNAs abundance with a prominent effect on
the minus DNA strand (Fig. 6B, Right). Given that CT-TC richness
positively correlates with abundance of complementary strand
uviRNAs, we extended the analysis to all Arabidopsis intergenic
regions, regardless of the presence of photolesions. We observed
that CT-TC-enriched DNA strands significantly associate with an
enhanced abundance of complementary 21-nt siRNAs, confirming,
at the genome-wide scale, the trend observed at specific hot spots
(Fig. 6C). These results led us to finally test the existence of a
DDB2 DNA/RNA complex. DDB2-associated nucleic acids were
sensitive to RNase A treatment, and the levels of DDB2-associated
15- to 30-nt RNAs increased 15 min upon UV exposure with a
substantial peak around 21 nt (Fig. S6D), consistent with our total
sRNA sequencing and RIP data. Moreover, and as expected,
DDB2 interacted with DNA fragments in the size range of excised
DNA fragments released during the NER process (3) (15 nt to
30 nt; Fig. S6D), supporting, overall, the existence of a DDB2-
AGO1-uviRNAs-DNA complex.
Discussion
Based on a combination of functional genomics, genetics, and
biochemistry, our study establishes, on a genome-wide scale, a
strong correlation between locus-specific 21-nt uviRNA accumula-
tion and GGR-mediated repair of UV-induced DNA damage at
intergenic regions. Our results indicate that uviRNAs are produced
noncanonically via RNA POL IV, RDR2, and DCL4 activities, and
that their abundance is enhanced upon UV exposure. The uviRNAs
are loaded into a nuclear pool of the PTGS effector AGO1, which
forms a chromatin complex with DDB2 at UV-damaged sites, likely
in an RNA/DNA complementary strand-specific manner. The results
Fig. 6. DDB2 associated 21-nt uviRNAs at damaged sites. (A) Schematic
representation of AGO1 and DDB2-FLAG RIP data, showing examples of two
hot spots. Log2 (IP/Input) of 21-nt ± UV-C are plotted in a RNA strand-specific
manner (top bars: sense RNA; bottom bars: antisense RNA), and di-
pyrimidines are plotted in a DNA strand-specific manner for each locus
(top bars: DNA strand +; bottom bars: DNA strand −). (B) PCA of DDB2 RIP
21-nt uviRNAs and di-pyrimidines at six confirmed damaged loci; + and –
indicate the DNA or RNA strands. (Left) Representation of DDB2 RIP data
with center of gravity and lines connected to each coordinate enriched in
21-nt uviRNAs in a RNA strand-specific manner. RIP/RIP, equal enrichment of
21-nt uviRNAs mapping with each DNA strand; 0/RIP, enrichment of 21-nt
uviRNAs mapping only with + DNA strand; RIP/0, enrichment of 21-nt
uviRNAs mapping only with − DNA strand; RIP++/RIP, stronger enrichment
of 21-nt uviRNAs mapping with − DNA strand than with the + DNA strand;
0/0, no 21-nt uviRNAs. PC1 explains 32% of the variation, and PC2 explains
24%. (Right) Circles of correlations of the PC1 and PC2 of the PCA built using
di-pyrimidines (CC, TT, CT, and TC) in + and − DNA strands. (C) Fold change
abundance (±SD) of sense and antisense 21-nt siRNA in CT-TC-rich DNA
strands (+ and −) of Arabidopsis intergenic regions; t test *P < 0.01.
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finally suggest that chromatin association/release of the DDB2-AGO1
complex rely, at least partly, on uviRNA accumulation and DNA
damage signaling by ATR.
Nuclear Pools of PTGS-Related AGOs and Interactions of AGOs with
Chromatin. Although Arabidopsis AGO1 has been mainly impli-
cated in cytoplasmic processes (33), AGO1 interaction with nuclear
MIR161 andMIR173 primary transcripts under salt stress conditions
causes transcriptional complex disassembly in a manner predicted to
involve AGO1-chromatin association (32). Furthermore, AGO1
exhibit nucleolar and nucleoplasmic localization (34). Accordingly,
our data demonstrate that a chromatin-associated AGO1 pool
exists in Arabidopsis and that UV irradiation triggers and mod-
ulates its recruitment/dissociation at CPD-enriched, damaged
DNA sites. A second main PTGS effector in Arabidopsis,
AGO2, has been also implicated in diRNA biogenesis and DSB
repair in the nucleus, where AGO2 accumulation is enhanced by
genotoxic treatments and most likely also interacts with chro-
matin (21). In human cells, Ago1 and Ago2, originally charac-
terized as cytoplasmic PTGS effectors, are now recognized to
regulate transcriptional silencing/activation, alternative splicing,
and DNA repair in the nucleus (35). Human Ago2, in particular,
also interacts with Rad51 involved in homologous recombina-
tion (HR) (36). Thus, our findings support the emerging notion
that plant and metazoan PTGS-related AGOs are more versa-
tile than originally anticipated, and additionally contribute, via
specific nuclear/chromatin protein pools, to various nuclear
RNA- and DNA-related processes.
The 21-nt uviRNAs associated with the DDB2-AGO1 complex
were generally complementary to the DNA strand enriched in di-
pyrimidines, supporting the notion that DDB2 possibly forms a bona
fide uviRNA/DNA duplex. The ensuing DDB2-AGO1-uviRNA
complex could represent a dynamic and sequence-specific plat-
form for CPD recognition and further DNA cleavage required
for excision repair. Interactions between prokaryotic AGO orthologs
and both sRNA and DNA fragments were recently documented
(37), and, interestingly, the sizes of DDB2-associated DNA frag-
ments are in the median size-range of excised DNA released
during NER in prokaryotes (12 nt to 13 nt) and eukaryotes (38)
(25 nt to 30 nt). Moreover, prokaryotic and eukaryotic AGOs are
structurally similar to RNase H, possibly enabling DNA/RNA
duplex formation for DNA processing (39) whereas, in Tetrahy-
mena thermophile, AGO-related proteins loaded with Dicer-
dependent sRNAs promote physical DNA elimination during mac-
ronucleus development (40). Nonetheless, nuclear Ago2 interacts
with sRNAs but not DNA following ionizing radiation of human
cells (41), suggesting that nuclear Ago-bound nucleic acids may vary
depending on the organism and DNA repair process involved.
Upon CPD sensing, DDB2 must be released from the chromatin
to allow the next GGR steps to proceed efficiently, a key process
regulated at the protein stability level by ATR and the CUL4
ubiquitin E3-ligase (26, 42); interestingly, AGO1 homeostasis is
also tightly controlled, including via ubiquitin-mediated proteolytic
degradation (43). Although only AGO1 pools involved in miRNA
action or antiviral defense (thus likely mostly cytoplasmic) have
been studied in this respect thus far (6), the ATR and DDB2 in-
fluences on AGO1 chromatin association/release rates may rely on
similar protein stability control processes in the nucleus, for instance
upon protein complex dissociation.
A Model for DNA Repair Mediated by uviRNAs and Their Possible
Connections to diRNAs. The DDB2-AGO1-uviRNAs complex pos-
sibly facilitates recognition of UV-induced DNA lesions at inter-
genic regions during the first GGR steps (Fig. 7). We propose a
model whereby, upon UV exposure, CPD sensing by DDB2 would
be cooperatively aided by AGO1-loaded uviRNAs, enabling cDNA
sequence recognition and, hence, stabilization of the complex
at damaged sites. In this complex, DDB2 would bring about the
photodamage recognition specificity, on the one hand, and AGO1-
uviRNAs the nucleotide sequence recognition specificity, on the
other, allowing efficient sensing of the CPDs. In addition to DNA
damage signaling, ATR would subsequently promote chromatin
release of the DDB2-AGO1-uviRNA complex to facilitate repair
(Fig. 7).
Our data suggest that DDB2-AGO1 complex formation/stabilization
depends on siRNA biogenesis and DNA damage signaling by ATR.
Similarly, ATR was shown to play a role in regulating diRNA
biogenesis and AGO2-dependent action during DSB repair, which
depends, at least in part, on HR (21). Conceptually similarly, UV
exposure induced a strong increase in abundance of AGO1-bound
21-nt siRNAs mapping to intergenic regions. Thus, both UV repair
and DSB repair likely rely on a related core of regulatory processes
involving sRNAs. Indeed, both UV treatments and photosyntheti-
cally active radiation induce somatic HR (44, 45), and DR- as well
as GGR-deficient plants exhibit higher somatic HR (25, 46). One
may therefore speculate that some discrete pools of AGO2-diRNAs
Fig. 7. Model for siRNA-mediated GGR of UV-induced DNA damage. (Left)
In the absence of UV-induced DNA damage, some intergenic genomic re-
gions are transcribed by the RNA POL IV to form precursors that are further
processed by RDR2. The produced dsRNAs are diced by DCL4 into 21-nt
siRNAs and subsequently loaded into an AGO1 nuclear pool that can form a
complex with DDB2. (Right) Upon UV-C exposure, CPDs are formed on DNA
(yellow triangle). The 21-nt uviRNAs abundance is increased either by en-
hanced stabilization of 21-nt uviRNAs or of their dsRNA precursors or by
increased DCL4 activity. The DDB2-AGO1-uviRNAs complex is loaded on
chromatin at damaged sites. DDB2 would allow recognition of CPDs, and
AGO1-uviRNAs would allow stabilization of the complex in an RNA−DNA
complementary sequence manner. Upon this recognition step, the DDB2−
AGO1−uviRNAs complex is released in an ATR-dependent manner from the
damaged sites, allowing the next steps of the GGR to efficiently occur.
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may also act at, or in the vicinity of, UV-damaged sites in response
to UV-induced DSBs.
uviRNA Biogenesis. Biogenesis of 21-nt uviRNAs overlapping with
intergenic UV-damaged regions is RNA POL IV-, RDR2-, and
DCL4-dependent (Fig. 7), which differs from the canonical pro-
cess involving RNA POL IV, RDR2, and DCL3 in RdDM, re-
quired for de novo and maintenance of DNA methylation (9).
Nonetheless, alternative RdDM mechanisms relying on RNA
POL II, RDR6, DCL4/DCL3, and 21-nt/24-nt siRNAs were also
more recently characterized (15–18). In the context of DSB-
induced DNA repair, ∼21-nt diRNA biogenesis occurs through
a complex RNA POL IV/V-dependent process involving multiple
DCLs and RDRs (21), but the underlying experimental design
only enabled analysis of the global, steady-state DSB repair re-
sponse, which involves several superimposed processes, including
DSB sensing, processing, and chromatin reconstruction, as opposed
to the single damage recognition step studied here.
Production of 26- and 27-nt RNAs overlapping with UV-
damaged intergenic regions depends on RNA POL IV activity.
Although these regions do not overlap with well-characterized
RNA POL IV-interacting loci previously mapped genome-wide
(47), the 26- to 27-nt RNAs exhibit the 5′-nucleotide bias typical of
P4R2 precursors (28, 29). We note that only low basal levels of
uviRNAs were sequenced before UV-C irradiation at the loci
investigated here, suggesting that POL IV chromatin association
might be too weak or too transient at these loci to be detected
under normal laboratory growth conditions such as those pre-
viously used for the genome-wide mapping study (47). We further
note that weak or transient POL IV association to chromatin may
not be necessarily incompatible with production of biologically
relevant sRNAs, which, like uviRNAs and diRNAs, are unrelated
to RdDM, the main function ascribed so far to POL IV as part of
the machinery producing conventional heterochromatic siRNAs.
Upon UV irradiation, RNA POL II is usually removed from the
lesions of transcribed genomic regions via ubiquitin-dependent
proteolytic degradation allowing TCR (48), although lesion bypass
may be also used alternatively (49). Photolesions might similarly
interfere with RNA POL IV stability, possibly explaining its weak
or transient interaction with chromatin at uviRNA-generating loci.
We consider this scenario unlikely, however, because we showed
that the TCR pathway is genetically unrelated to the uviRNA-
mediated repair of UV-induced DNA lesions. Consequently, we
speculate that a lesion bypass mechanism is involved and/or that a
low level of preexisting P4R2 precursors is stabilized upon UV
exposure and processed by DCL4 to enhance uviRNA abundance
at damaged loci. Consistent with both ideas, the abundance of
P4R2-like 26- to 27-nt RNAs is enhanced upon UV irradiation via
mechanisms that await further characterization.
DCL4-dependent processing of POL IV-RDR2 dsRNA pre-
cursors into 21-nt uviRNAs agrees with the previously docu-
mented DCL4 colocalization with DCL3 in the nucleolar
periphery of interphasic Arabidopsis nuclei (34). Moreover, a
nuclear localization signal-containing nuclear isoform of Arabidopsis
DCL4 produced at alternative transcription site was recently
identified, which produces POL IV-RDR2-dependent 21-nt siRNAs
prevalently from TE-associated genic regions and intergenic re-
gions in seeds of unstressed Arabidopsis (50). It will thus be in-
teresting to assess the role of this isoform in uviRNA biogenesis
following UV irradiation. Regardless, our results confirm and
extend the emerging notion that complex interconnections exist
between core sRNA pathways in plants, thus considerably wid-
ening the scope of sRNAs repertoires and functions including in
genome/epigenome surveillance.
Materials and Methods
Plant Material. Arabidopsis thaliana mutant plants used in this study are in a
Nossen ecotype (No) for ddb2-2 26 and in the Columbia ecotype (Col) for ddb2-3 31,
atr-2 (SALK_032841), csa-a1 (SALK_024816), phrI (WiscDsLox_466C12), nrpd1
(SALK_583051), rdr2-1 (SAIL_1277H08), rdr6-12 (51), dcl3 (SALK_005512), dcl4-2
(GABI_160G05), dcl2 (SALK _064627), ago1-27 (27), and ago4-1 (52).
Generation of Transgenic Plants. The cDNA of Arabidopsis DDB2 and DDB2K314E
were amplified by PCR using primers described in ref. 31. Both cDNA were se-
quenced and cloned into the pOEX2 vector, between the NcoI and AvrII sites
(25). The resulting plasmids pOEX2 DDB2 FLAG, pOEX2 DDB2K314E FLAG were
mobilized intoAgrobacterium tumefaciens and used to transform ddb2-2, ddb2-2
nrpd1, ddb2-2 dcl4, ddb2-2 atr, ddb2-3, nrpd1, and dcl4 Arabidopsis plants.
Plant Growth Conditions. For in vitro conditions, plants were grown in a culture
chamber under a 16-h light (light intensity ∼150 μmol·m−2·s−1; 21 °C and 8 h
dark 19 °C) photoperiod. For soil conditions, plants were grown (one plant per
pot) in a 16-h light (light intensity ∼150 μmol·m−2·s−1; 21 °C) and 8 h dark
(19 °C) photoperiod (bulbs T5 cool day L49W/965HO; Osram; 70% humidity).
UV Sensitivity Assays. To evaluate the UV-C (λ = 254 nm) sensitivity, 7-d-old in
vitro germinated WT, homozygous mutant, and transgenic plants were
transferred to square plates containing germination medium (GM) medium
[MS salts (Duchefa), 1% sucrose, 0.8% Agar-agar ultrapure (Merck), pH 5.8]
and grown vertically for 24 additional hours. Thereafter, roots were UV-C
irradiated (600 J/m2 or 900 J/m2) using the Stratalinker 2400 (Stratagene).
Root length was measured 24 h after a recovery period in the light or in the
dark. The relative root growth was calculated: (root length treated/root length
untreated) ×100 (± SD). Eight plants per replicate were used. Experiments
were performed in triplicates. Because ddb2-2 is in the No ecotype, the
control for double mutant plants is No/Col. These control F2 plants were
generated from 24 individual F1 No X Col plants to minimize the bias due to
an inappropriate selection of a single F2 plant. To evaluate the UV-C sensi-
tivity on whole plants, 1-wk-old in vitro germinated WT and homozygous
mutant plants were irradiated with UV-C (1,500 J/m2 or 3,000 J/m2) three
times in a row every 2 d. Plants were immediately returned to the growth
chamber. The total number of leaves and the number of bleached plants
were evaluated 1 wk later as described in ref. 26. At least 20 plants per
replicate were used, and the experiment was duplicated.
Determination of CPD Removal by Immuno-Dot Blot. Fourteen-day-old in vitro
grown seedlings were irradiated with UV-C (3,000 J/m2). Samples were
harvested just after irradiation (time 0) or kept under normal light condi-
tions and harvested 30 min and/or 1 h later. Genomic DNA was extracted
using plant DNA extraction kit (Macherey-Nagel). DNA samples were pro-
cessed as described in ref. 53. Repair efficiency was determined by quanti-
fying the relative CPD amounts remaining after 30 min and/or 1 h, based on
the initial CPD formation at time 0 for each specific genotype.
UV-C Treatment of Whole Arabidopsis Plants for Genomic Studies.WT, Columbia,
and nrpd1 Arabidopsis plants were germinated in vitro on solid GM medium
for 10 d. Afterward, seedlings were transferred in soil (one plant per pot) and
put in a growth chamber for 2 wk. For treated samples, plants (12 per bi-
ological replicate) were irradiated with UV-C (3,000 J/m2). Fifteen and 30 min
upon UV-C exposure, leaves numbers 1, 2, 3, and 4 were harvested and pooled.
Unirradiated leaves were harvested before UV-C exposure.
IPOUD and Mapping of CPDs. Genomic DNA was extracted using the Plant DNA
Extraction kit (Macherey-Nagel). Two micrograms were sonicated (Diagenode
Bioruptor: 18 × 30 s) and denatured for 10 min at 95 °C in Buffer 1 (10 mM Tris HCl
pH 7.5, 500 mM NaCl, 1 mM EDTA). IP was performed by adding 5 μg of anti-CPD
mouse monoclonal antibody (CAC-NM-DND-001; Cosmio Bio) and incubated
overnight at 4 °C. The suspension was incubated with M280 Dynabeads (Invi-
trogen) for 4 h at 4 °C. The pellet was washed four times with Buffer 1. DNA was
eluted with Buffer 2 (30 mM Tris HCl pH: 8.0; 150 μg Proteinase K) for 1 h at 42 °C.
DNA from the IP and input fractions was purified using the Nucleospin Gel and PCR
clean-up kit (Macherey-Nagel). DNA from IP and input were used for library
preparation and sequencing by Illumina Hi-Seq (Fasteris). Unique sequences (input
and IPs) weremapped onto theArabidopsis nuclear genome (TAIR10) using Bowtie
1.0.0: /bowtie-1.0.0/bowtie -q -v 2 -m 1 -S <index> <fastqfile> <output> option -q:
input = fastq option -v 2: report end-to-end hits w/ <=v mismatches option -m 1:
suppress all alignments if > <int> exist option -S: write hits in SAM format. CPD-
enriched regions were determined using MACS2 (callpeak -t -c -n –g, P < 10−6 and
q < 10−2). Numbers of reads and related statistics are reported in Table S1.
sRNA Sequencing and siRNA Mapping. sRNAs were prepared from WT and
nrpd1 untreated and treated plants using the Tri-Reagent (Sigma), used for
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library preparation and sequencing by Illumina Hi-Seq (Fasteris). For sRNAs
mapping, reads were aligned onto the Arabidopsis genome (TAIR10) using
Bowtie (version 1.0.0; parameters: -y -e 50 -n 0 -a–best–strata–nomaqround).
Reads overlapping miR coordinates were suppressed with bedtools (inter-
sectbed -f 0.9). Upon conversion with samtools (version 0.1.18), reads exactly
overlapping with the CPD-damaged loci (50% overlap at the edge of the
CPD-enriched sequences) were calculated with intersectBed (BEDtools ver-
sion 2.16.2). Numbers of reads and related statistics are reported in Table S1.
UV-C Treatment of in Vitro-Grown Arabidopsis Plants for IPOUD Confirmation,
Coimmunoprecipiation, and Immunoblotting. Arabidopsis plants were germi-
nated in vitro on solid GM medium for 7 d. Afterward, seedlings were
transferred into large plates on GM medium (diameter: 14 cm; one plant per
centimeter) and put in a growth chamber for 10 d. For treated samples, plants
(40 to 50 per biological replicate) were irradiated with UV-C (3,000 J/m2). Five,
15, 30, and 60 min upon UV-C exposure, plants were harvested and incubated
by rapid freezing into liquid nitrogen. Unirradiated control plants were har-
vested before UV-C exposure.
Protein Extraction and Immunoblotting. Whole protein extracts were pre-
pared from 2-wk-old in vitro grown plants before UV-C irradiation (time point
0), 15, 30, and/or 60 min upon UV-C exposure (3,000 J/m2) using a denaturing
buffer (26). Twenty micrograms of total protein were separated by 8% SDS
gel and blotted onto an Immobilon-P membrane (Millipore). Anti-peptidic
anti-AtDDB2 antibody (26) was used as a 1:2,000 dilution (v:v); the anti-
AGO1 (AS09 527, Agrisera) at a 1:30,000 dilution (v:v) in PBST [PBS (PBS X
1), nonfat dry milk (5%, w:v), and Tween-20 (0.1%, v:v; Sigma)].
Chromatin Preparation for Immunoblotting. Fractions of soluble/insoluble
proteins were extracted from 1 g of 14-d-old seedlings using Nonidet P-40 lysis
buffer [25 mMTris·HCl (pH 8.0), 0.3 M NaCl, 1 mM EDTA, 10% (vol/vol) glycerol,
Nonidet P-40 1% (vol/vol), 0.2 mM phenylmethylsulfonyl fluoride, and EDTA-
free protease inhibitor mixture (1 tablet/50 mL; Roche)] (54). After grinding,
powder was incubated in 6 mL of Nonidet P-40 lysis buffer during 30 min on a
rotating wheel at 4 °C (8 rpm), and the solution was Miracloth-filtered. Re-
moval of extra cell debris was performed by centrifugation (2,000 × g, 5 min,
4 °C). Free chromatin-unbound proteins were recovered in the soluble fraction
after centrifugation (13,000 × g, 10 min, 4 °C). The pellet containing insoluble
and chromatin-bound proteins was resuspended in 75 μL of Nonidet P-40-
containing resuspension buffer (26). Variable amounts (25 to 50%) of the in-
soluble fraction and 2% of the soluble fraction were separated by SDS/PAGE
and analyzed by immunoblotting with the indicated antibodies. The poly-
clonal anti-H3, (06-755; Millipore) at a 1:10,000 dilution (v:v) and the anti-
UGPase antibody (AS05 086, Agrisera) at a 1:10,000 dilution (v:v) were used
as fractionation controls.
IP Assays. Total soluble proteins were extracted from 0.5 g of 14-d-old
seedlings using 3 mL of IP buffer (55). IP was performed using anti-FLAG
gel affinity (A2220; Sigma) or anti-AGO1 antibody (Agrisera). The precipitate
was washed four times in IP buffer, resuspended in 50 μL of SDS sample
buffer, and heated 3 min at 100 °C before immunoblotting. The DDB2 FLAG
protein was detected using the anti-FLAG HRP (A8592; Sigma) at a 1:10,000
(v:v) dilution in PBST, and the AGO1 protein was detected using the anti-
AGO1 antibody. For RIP experiments, ddb2-3 DDB2-FLAG expressing plants
were used. After four washes in IP buffer, RNAs were extracted from the
immunoprecipitated samples by TRIzol (Sigma). Numbers of reads and re-
lated statistics for RIP experiments are reported in Table S1.
ChIP. ChIP experiments were performed using 14-d-old in vitro grown
seedlings (ddb2-3 DDB2-FLAG, nrdp1 DDB2-FLAG, and dcl4 DDB2-FLAG).
Preparation of chromatin, sonication, and IP using anti-FLAG or anti-
AGO1 antibodies were carried out as described in ref. 56. The immunopre-
cipitated DNA was analyzed by qPCR. Data analysis was done as described in
ref. 57. Experiments were triplicated using independent biological samples.
Three technical replicates were performed for each independent biological
sample. Tandem ChIP experiments were performed in both directions
(DDB2-FLAG followed by AGO1 and AGO1 followed by DDB2-FLAG) as de-
scribed in ref. 58.
qPCR. The qPCR was performed using a LightCycler 480 and LightCycler 480
SYBR green I Master mix (Roche) following manufacturer’s instructions. All
primers are listed in Table S2.
PCA. PCA was performed using DDB2-FLAG RIP 21-nt uviRNAs and di-
pyrimidines frequencies at six confirmed damaged loci. Five different cate-
gories were defined for the analysis within these damaged loci: RIP/RIP, equal
enrichment of 21-nt uviRNAs mapping with each DNA strand; 0/RIP, en-
richment of 21-nt uviRNAs mapping only with + DNA strand; RIP/0, enrich-
ment of 21-nt uviRNAs mapping only with − DNA strand; RIP++/RIP, higher
enrichment of 21-nt uviRNAs mapping with − DNA strand than with the +
DNA strand; and 0/0, no 21-nt uviRNAs mapping with each DNA strand. For
each category, the di-pyrimidine frequency was calculated in overlapping
windows with 21-nt uviRNAs and for each DNA strand. PCA results were
displayed using the ade4 package-II (55).
Statistics. The Shapiro test was performed to determine whether the dis-
tribution of the population was normal or not. A t test was used for normal
distribution. Mann−Whitney U or Wilcoxon matched-pairs signed rank tests
were used as nonparametric statistical hypothesis tests.
Accession Numbers. The GEO accession number for the IPOUD, the sRNA deep
sequencing, and the RIP data reported in this paper is GSE86403.
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